Purpose: The maximum limit of MR scanner noise and necessity of ear protection is dened in the IEC standard (IEC60601-2-33) of MR safety. With improvements in MR scanner performance, pulse sequences generating higher scanning noise have been used clinically. In this study, we investigated the factors signiˆcantly related to potential acoustic trauma cases (PATC) after MR examinations. To consider the future direction for MR safety and prevention of acoustic trauma, issues related to noise generation by MR scanners and acoustic trauma were systematically reviewed.
Introduction
One of the characteristics of MR scanners is acoustic noise depending on the manipulation of gradient driving deˆned by the pulse sequence design, scan parameters and physical structure of the gradient coil. The development of high performance gradient systems and ultra-fast imaging pulse sequences has increased the noise level during MR scanning. Not only echo planar imaging (EPI), but also pulse sequences such as fast spin echo (FSE) or 3D imaging using ultra-fast gradient echo sequences, which are used daily for clinical diagnosis, generate high level sounds. It was reported that 49z of healthy young volunteers (age 18 to 49, average 26.5, n＝195) found the scanning to be noisy and 13z,`very noisy', 1 although all were using ear-plugs designed for MR studies. IEC standard 60601-2-33 (ver. 3, 2010) deˆnes that subjects should not be exposed to any sound greater than 140 dB (A), and 99 dB (A) is employed as the practical threshold for ear protection against MR scanner noise; however, it is not easy for most of MR users to measure the actual noise level during a scan, since a sound measuring system compatible with a very high static magneticˆeld is not usually included with MR scanners. Furthermore, the potential risk of acoustic trauma during MR scans may be more frequent in the elderly.
In 2010, the Safety Committee of the Japanese Society for Magnetic Resonance in Medicine (JSMRM) conducted a survey of MR safety focused on three topics of interest; the MR compatibility of medical devices and materials, acoustic trauma during MR scans and MR workers' environment. 2 Some 11.4z of the respondents reported experiences or episodes suggesting acoustic trauma. Since the reports are assumed to be based on various conditions of memory retrieval or records of the responders in this retrospective survey study, we deˆned the concept of potential acoustic trauma cases (PATC) to include all subjects who complained of subjective acoustic symptoms during or after MR studies. In this statistical analysis based on a survey including only the raw collection of responses, we attempted to evaluate the relationship among 1) the frequency of PATC episodes and their history, 2) the characteristics of the responders, 3) the method of ear protection, and 4) information about the MR scanning noise level from the responders. Due to the relatively small number of PATC cases and di‹culty in clarifying the direct correspondence among PATC cases and the conditions of MR examinations for those episodes, a hierarchical cluster analysis to characterize the observers of the PATC episodes was employed to enhance the information for analysis. The other advantage to employing a hierarchical cluster analysis is that the background of the responders, such as the role of the facilities, the organization and the environment of the MR workers, gives information related to MR safety management. Nowadays, hierarchical clustering is widely used not only in biomedical research but also in clinical research to evaluate multivariable data. [3] [4] [5] [6] The basics of hierarchical cluster analyses are systematically described in the literature. 7, 8 In this paper, issues related to noise generation by MR scanners, its measurements and acoustic trauma were also systematically reviewed to consider the direction for MR safety and prevention of acoustic trauma.
Materials and Methods
The survey questionnaire was delivered to the regular members of JSMRM (n＝3250) and 982 responders returned the questionnaire. The details of this anonymous survey, including a summary, have been reported elsewhere. 2 All personal information was removed before data processing by using a double sealing method, with an inner envelope containing the response questionnaire and an outer envelope to return the inner envelope. The answers to the 4 questions (Q2-5 of the questionnaire, Table 1a ) inquiring about the background of the responders and the facility, and to 3 questions (Q19-21, Table 1b ) investigating PATC were used for analysis in this study. The survey was written in Japanese and the responders answered in Japanese. The experience of PATC observation was categorized into 4 types,`direct observation; directly observed the incident as the operator of the MR scanner',`indirect observation; observed as a non-operator or knew about the incident as a staŠ member of the department,`order-side observation; informed of the incident as the clinician who ordered the MR examination' and`no experience of observation'. This type of classiˆcation was employed in order to exclude overlapping cases, since one person is usually assigned as the MR operator for each MR scanner.
To extract the trends of the responses and classify the responders, a hierarchical cluster analysis 7, 8 was applied to the characteristics set (responses to Q2-5). All statistical analyses were performed using the`stats package' on R (ver 2.9.1; The R Project, Vienna, Austria). Hierarchical clusteringˆnds groups of similar items within a data set and produces a hierarchy (dendrogram) from small clusters of very similar items to large clusters that include more dissimilar items. To rank the clusters, binary distance was computed using Ward's method to evaluate the similarity of the items among the choice hierarchy. Ward's method is based on minimizing the within-group sum of squares and tends to produce compact clusters. The number of clusters to be chosen in the dendrogram was decided by using an adjusted Rand index, that calculates agreement indices between two partitions for a data set. Based on this classiˆcation, tests of independence (threshold; pº0.05) and a residual analysis to estimate the signiˆcance of an observation in the contingency table (adjusted residue analysis; aRA) were applied to the responses for properties set (pº0.05). In the results section of this article, p values (the probability that the null hypothesis is true) computed by R are reported in the origi- Q19 Have you ever observed a potential acoustic trauma case (PATC)? □No experience of observation □Yes, observed an incident as the operator of an MR scanner □Yes, informed of an incident as the clinician who ordered the MR examination □Yes, observed as a non-operator or heard a report of an incident as a member of the radiology department's staŠ If you have chosen`Yes' above, please specify the outcome of the PATC. □Symptoms were transient and the subject recovered (please specify the symptoms ) □Symptoms were sustained or remained (please specify the symptoms ) □Outcome is unknown Did the subject have any serious condition before starting the study? □No □Serious condition □Unknown Q20 What is the policy for ear protection in your facility-Please report the current policy □Yes, apply to all subjects □Yes, depending on the decision of the operator □Yes, depending on the request of the subject □No ear protection If you have chosen`Yes' above, please specify the method for ear protection □Earplugs □EarmuŠs □Other (specify ) Q21 Have the acoustic noise levels (dB[A]) of the MR scanners you are using ever been conˆrmed? □The noise level was measured and reported to the institute by the vendor at installation of the MR scanner. □The noise level was measured after installation of the MR scanner. □The noise level was checked as indicated in the accompanying documentation, without in-situ measurement. □The noise level is unknown.
Five questions on the background of the responders (Q1-Q5, Table 1a ) and three questions to investigate PATC (Q19-Q21, Since each response was sorted by MSMFS, a case with multiple MR scanners of the same static magneticˆeld strength is counted just once, i.e. each frequency does not correspond to the total number of MR scanners reported. Others: MR system of another static magneticˆeld, SBMS: small bore magnet system, NA: no answer to this question, N: total sample frequency in each cluster, n: sample frequency in each category, aR: adjusted residue, * ; positive or negative signiˆcant distribution (threshold＝1.96, pº0.05), ** ; positive or negative signiˆcant distribution (threshold＝2.58, pº0.01). 
Results
Six clusters were obtained from the hierarchical analysis (binary distance 23.8) applied to the characteristics of the responders (Q2-5). The adjusted Rand index for the 6 clusters was 0.96, which was a satisfactory level of agreement with the minimum number of clusters. No cluster was independent of the responses to Q19-Q21. The six clusters (Tables  2-5 ) can be summarized as follows. Note that the representative pattern of MR systems installed in the facility extracted by the cluster represents the most frequent answer and does not mean the average number in the population. It is assumed that the responders in each cluster have statistically similar trends of responses to the questions.
Cluster I: A group of radiological technologists (RT) or medical technologists (MT) working as regular operators (performing MR examinations daily) for mid-size hospitals (10-19 studies/day) equipped with two 1.5T MR systems (most frequent answer, see above). The average number of MR systems was 3.3 and the standard deviation (S.D.) was 1.1.
Cluster II: A group of radiologists (RAD) engaged in radio-diagnostic work or administration of the department working for large hospitals (over 40 studies/day) equipped with two 1.5T and one 3T MR system (4.1±0.9). These responders usually do not operate MR themselves.
Cluster III: A group of RT working as regular operators in large hospitals (over 50 studies/day) equipped with two 1.5T and one 3T MR system (4.4
±0.8).
Cluster IV: A group of RAD engaged in radiodiagnostic work or administration of the department working for mid-size hospitals (10-19 studies/ day) equipped with two 1.5T MR systems (3.3± 0.8).
Cluster V: A group of RT working as alternative operators, such as members of rotation teams, for clinics or small to mid-size hospitals (º19 studies/ day) equipped with two 1.5T MR systems (3.0± 1.1).
Cluster VI: A group of clinical or basic researchers using various types of MR systems, including 3T MR systems and small-bore type MR systems ). x 2 is Pearson's cumulative test statistic which asymptotically approaches a chi-square (x 2 ) distribution and df (degree of freedom) is the number of values in theˆnal calculation of a statistic that are free to vary. Using aRA, it was indicated that,`direct observation as an operator' was signiˆcantly frequent in cluster I (adjusted residual (aR)＝2.31, p＝0.02), while`indirect observation' ). The response of cluster III was that ear protection is applied to`all subjects' (aR＝4.32, p＝ 1.53×10 -5 ), and the responders in this cluster did not choose`decided by the subject' (aR＝-3.97, p＝7.33×10 -5 ), suggesting a strong policy to apply ear protection. The responders in cluster V mostly chose`at the request' of the patient or subject (aR＝1.99, p＝4.66×10 -2 ). No response (NA) to this question was signiˆcant in cluster VI (aR＝ 11.23, p＝2.81×10 -29 ). The preference in cluster IV was`decided by the subject'. No signiˆcant feature was observed in cluster I for the policy of ear protection.
The responses to Question 21 inquiring about the conˆrmation status of MR scanner noise (CSN) are summarized in Table 8 ) and conˆrmation by measurement after installation' in cluster III (aR＝3.06, p＝2.23×10 -3 ), respectively. The responders in Cluster IV signiˆcantly chose`obtaining no info on scanner noise' (aR＝ 2.35, p＝1.86×10 -2 ). No speciˆc characteristics of CSN were extracted for Clusters II and V.
A test of independence for cross-tabulation analysis between the ear protection method (Q20 sub) and the job role (Q4) of the responders indicated that PATC was highly observed by the regular operators in the`ear plug and/or ear muŠ' group (aR＝2.49, x 2 ＝208.60, df＝16, pº2.2×10 -16 ); however, the ear protection method and the frequency of PATC reported by the operator did not have a signiˆcant correlation (Cochran's Q test; x 2 ＝-2.13, df＝1, p＝1.0).
The relationship between the ear protection method and the outcome of PATC evaluated by tests of independence without clustering is summarized in Table 9 . Among the 112 responses reporting any type of experience of PATC, 4 responses reported persistent symptoms such as tinnitus and mild hearing di‹culty. These 4 responses, which were conˆrmed to be from diŠerent facilities, did not have any speciˆc tendency in the general condition of the subjects at the examination or belonging to any of the responder classes. All 4 responses chose`ear plug and/or ear muŠ' for ear protection, although it was not possible to distinguish whether this became the policy after the incident or had been used originally and the subjects complained of symptoms with the usage of both devices. The same statisticalˆndings as those of persistent symptom cases were noted among the 84 transient symptom cases (Table 9) .
The following was conˆrmed by further tests of independence for cross-tabulation analysis without clustering. Absence of PATC was signiˆcantly less reported (aR＝-2.11, p＝0.03) and more PATC was reported (aR＝2.08, p＝0.04) by facilities with 3T MR systems (x 2 ＝13.74, df＝20, p＝0.84). Note that this result represents the relationship between ), while no application of ear protection was frequent with an MSMFS of 0.5T (aR＝5.06, p＝4.20×10 -7 ) (x 2 ＝98.85, df＝20, p＝2.02×10 -12 ). No signiˆcant relationship was observed between the MSMFS and CSN.
The outcome of PATC did not have any signiˆcant correlation with the general condition of the subjects (106 valid answers excluding NA, x 2 ＝ 10.23, df＝6, p＝0.12), nor CSN (102 valid answers, x 2 ＝3.56, df＝4, p＝0.47). Ear muŠs were chosen under the ear protection policy to`apply to all subjects' (aR＝4.28, p＝1.87×10 -5 ), while ear plugs were common for the answer`decided by the subjects' (aR＝3.60, p＝3.18×10 -4 ) (978 valid answers, x 2 ＝39.48, df＝12, p＝8.77×10 -5 ). No experience of PATC was found with relatively high frequency in the population with`no protection' (aR＝2.35, p＝0.02), and`observation as an operator' was frequent in`apply to all' (aR＝2.19, p＝0.03) (978 valid answers, x 2 ＝442.1, df＝16, pº2.2×10 -16 ). The CSN`the noise level is unknown' was highly observed in the response`no experience of PATC' (aR＝3.09, p＝2.0×10 -3 ) and no other signiˆcant relationship was detected in this cross-tabulation analysis (978 valid answers, x 2 ＝218.3, df＝16, pº2.2×10 -16 ).
Discussion
The source of MR scanning sound and its measurement An extra but characteristic feature of MR scanners is sound generation. Acoustic noise has been recognized as an MR safety issue 9 and has even been pointed out as a potential hazard. 10, 11 The primary source of acoustic noise in MRI is the gradient magneticˆeld system. MR scanning noise is generated by Lorentz forces during the rapid switching of current directions within the gradient coils under a strong static magneticˆeld. [11] [12] [13] [14] [15] [16] [17] [18] [19] Various patterns of acoustic noise are generated when the forces cause vibration of the gradient coil unit as they impact against the mounting frame. The frequency characteristics of this noise are altered by the gradient waveform deˆned by the pulse sequence design and imaging parameters such as slice thickness, direction of the imaging plane axis,ˆeld of view (FOV), repetition time (TR), and echo time (TE). [20] [21] [22] The structural features of the gradient unit, such as special sound insulation, and the material and construction of the coil circuit and support structures, also aŠect the transmission and propagation of acoustic noise. 13, [17] [18] [19] 23, 24 Technologies to reduce MR scanning sound Developments to reduce the acoustic noise of MR systems have been carried out in both hard-ware development of the gradient magneticˆeld system and pulse sequence techniques. The more generalized approach is hardware improvements of gradient magneticˆeld system. An interesting initial approach was a`rotating direct current (DC) gradient', 25 which employed a mechanically rotating gradient coil system encoding steps to achieve 20.7 dB (A) noise reduction. Several approaches have been developed to improve the physical characteristics of the gradient coil system: 1) passive acoustic attenuating liners, 17 epoxy-potting, 16 or a screen consisting ofˆberglass, 18 2) sealing the gradient coil in a vacuum chamber to block airborne vibration propagation, 25 3) cancellation of gradient coil vibration using opposing forces applied to coilforming segments by opposite currents in the gradient and return arcs of the coil, 19 and 4) active noise cancelation using an out-of-phase secondary acoustic wave form. 13, 23 An early attempt at a silent pulse technique was a sinusoidal waveform for gradient driving. 26 Although noise levels of 40 dB (A) (spin echo: SE or gradient echo: GE) and 60 dB (A) (rapid acquisition with relaxation enhancement: RARE) were achieved using a sinusoidal waveform, the special hardware requirements for this method limited its advantages. By development of silent pulse sequences was further initiated by the demand for functional neuroimaging. Acquisition timing or gradient waveform optimization depending on the hardware characteristics was proposed. 27, 28 Software techniques may additionally enhance silent hardware technologies; however, they are more application dependent and not necessarily a generic approach.
Since it is not possible to retrospectively investigate the contribution of each silent MR technique by a questionnaire-based investigation and it would be di‹cult to collect a large number of PATC to compare these techniques, the evaluation of silent techniques will depend more on theoretical simulation and quantitative measurements of scanning noise levels using various MR hardware and imaging parameters.
Measuring the acoustic noise of MR scanners
It is essential to conˆrm the actual noise level in the scanning room to estimate the potential risk of acoustic trauma. Additionally, scanning noise reduces the audibility of the alarm of the peripheral systems temporarily placed in the scanning room 29 ; however, it is not easy for most MR users to measure the acoustic noise level, although a technique has been established. A condenser microphone is usually used as an input device. 18, 20, [30] [31] [32] A commercially available noise-level measuring system including a microphone, a pre-ampliˆer to improve SNR and avoid electromagnetic interference, a sound generating system for calibration, and an analyzer to compute the sound level of MR has been used. 9, 18, 21, 22, 33 Several reports systematically evaluating MR scanning noise were published when fast imaging using gradient echo techniques were released. 12, 20 The maximum noise levels in these reports were 93 dB (A) 20 or 103 dB (A). 12 Further investigations were conducted when FSE and EPI became available. 14, 30 The following sound pressure levels (SPL) have been reported; 100 dB (A) (Turbo Spin Echo), 30 113 dB (A) (Fast Gradient Echo), 22 118 dB (A) (EPI), 17 138 dB (EPI), 31 118 dB (A) (EPI), 32 and 132 dB (A) (EPI). 33 As a guide for the manufacture of MR scanners, 140 dB (peak) maximum limitation of acoustic noise by an MR system deˆned by IEC60601-2-33 34 and the reporting standard dened by NEMA MS-4 35 are recommended in thè guidance for the submission of premarket notiˆca-tions for magnetic resonance diagnostic devices' released by the Center for Devices and Radiological Health. 36 This guideline was frequently employed in the investigations listed above. A standard is important, since the scanner noise depends on the pulse sequence, 32 location of measurements in the z-direction, presence of a subject 21, 32 and the installation environment of the MR system. 18 It is recommended to measure the actual MR scanning noise level using various pulse sequences when the MR system is installed and to inform MR users of the result, since acoustic noise consists of both direct and indirect components. 18 In particular, this procedure will be necessary for high performance MR systems using a powerful gradient system. Employment of a new pulse sequence, replacement of the gradient coil unit and deterioration of MR hardware may necessitate re-evaluation of the acoustic noise level. As a future consideration, equipping MR systems with a sound level monitor will be quite useful to prevent acoustic trauma.
Acoustic trauma
Hearing loss is the most serious consequence of acoustic trauma. On the other hand, aging also deteriorates auditory function. It is important to consider the age factor of the subject when a PATC is reported. Age-related sensorineural hearing loss (SNHL), which is called presbycusis, normally begins at high frequencies and spreads to lower speech frequencies. In contrast, noise-induced SNHL (NISNHL), especially that caused by sudden loud noise, reveals a variety of hearing loss. 37 NISNHL due to the occupational environment often shows high-frequency SNHL with a c5-diptype hearing disorder. Circulatory disturbances in the cochlear vessels and degeneration of the hair cells or spiral ganglion cells are considered to be responsible for NISNHL. 38 The degree of NISNHL as acoustic trauma depends on the intensity, frequency, and duration of causative noise. Individual vulnerability to trauma is also an important factor. These are divided into two categories: temporary threshold shift (TTS) and permanent threshold shift (PTS). TTS is a condition in which the elevation of hearing thresholds is temporal and returns to baseline levels, whereas in PTS the elevation is permanent and does not return to baseline levels. Loud and high frequency noise for a long period could easily induce PTS. Repeated exposure to noise is also a risk factor for PTS.
Subjects suŠering from such SNHL often complain of tinnitus, which may be an initial symptom of acoustic trauma; therefore, much attention should be paid to subjects who complain about their auditory sensation, especially those who are scheduled to undergo MRI examinations at regular intervals for their disorders. As discussed in next section, more careful observation in a future survey may reveal a higher rate of acoustic trauma by MR scan than the present result.
Frequency of PATCs, analysis of risk factors and potential biases
A study conducted by the safety committee of JSMRM found that 11.4z of MR workers had encountered PATCs; 0.42z (4 workers) cited cases with persistent symptoms. 2 Considering the total number of MR studies an MR operator performs during their entire career, this may be a very low frequency of incidents; however, the actual frequency may be higher than found in this study. A limitation of this survey covering MR workers is that the responses depend not on medical records but on their episode memory. It is easy for responders to answer without considering the frequency of the experiences, and such simpliˆcation will increase the collection ratio of the responses, and result in underestimation of the total event frequency. PATC may not necessarily be followed up by radiology departments, while PATC addressed by MR workers will clearly remain in their memories. Without any complaint by the subjects or any feedback information from clinicians, PATC may be dismissed.
Secondly, a bias of this particular study is that the subjects in the PATCs reported may not necessarily have had the same ear protection as that indicated by the respondents in their questionnaires, because it is assumed that the responders answered the ear protection policy of the facility at the time the survey was conducted. A further drawback of this questionnaire is that it is impossible to distinguish between`use both earplugs and earmuŠs' and use of either earplugs or earmuŠs'. A bias depending on the population in which this survey was conducted (i.e. regular members of JSMRM) may be possible. They may be more aware of MR safety issues, and the facilities they work for tend to be larger hospitals or hospitals concentrating on MR studies (hospitals equipped with 3 or more MR scanners) with more organized monitoring protocol of MR safety, although it is di‹cult toˆnd a source to evaluate the extent of such a bias. These limitations should be considered when interpreting the statistical results.
PATC was more frequently reported by the responders in Cluster I (Table 6 ), who were working as regular MR operators in mid-size hospitals (Table 2, 3) and tried to conˆrm the scanner noise level based on existing documentation (Table 8) . In contrast to the responders in Cluster III (RT in large hospitals) who conˆrmed the MR scanner noise level after installation (Table 8) , those in Cluster I did not have a strong policy of applying ear protection to all subjects (Table 7) . These results suggest that radiology departments in large hospitals more systematically administer the procedure for the prevention of acoustic trauma. The responders in Cluster VI, characterized by research activities including animal experiments, tended to give no answer rather than responding`no experience', although they were instructed to respond to the sub-questions. The limitation of a hierarchical cluster analysis is its dependency on the viewpoints employed by subjective preference or availability of the data. It is a data-driven exploratory approach and does not necessarily represent the globally optimized objective function. The properties of interest may be scattered across the clusters, making it complicated to quantitatively evaluate the properties. Potential biases due to these characteristics should be considered in the interpretation of the following cross-tabulation studies including the cells derived from a hierarchical cluster analysis.
It sounds contradictory that a relationship between PATC and the MSMFS of the MR system was suggested only in the 3T site group, although the ear protection policy for all subjects was relatively higher in the 3T site group and the CSN of the 3T site group was not diŠerent from other groups. This suggests that the higher-power gradient magneticˆeld system in 3T MR systems has an in‰uence on the risk of PATC. Since the`no ear protection' group corresponds with the low MSMFS group, it may be reasonable that no PATC was reported in the`no ear protection' group.
As reviewed in the second section of this discussion, acoustic noise over 100 dB (A) is generated by recently developed high speed imaging methods using high performance systems, supporting the hypothesis that the physical output of the MR system is a more dominant risk factor. It was reported that subjects without ear protection suŠered temporary, mild loss of hearing of less than 15 dB after scanning using a 0.35T MR system. 10 Although the MR scanner noise level and the details of scanning parameters were not reported in this early study and it is not easy to directly interpret their results to estimate the risk of PATC, this study initiated interest in the risk of acoustic trauma due to MR scanning. Many investigations and developments to reduce MR scanning noise and to measure MR scanning noise level have been conducted since this warning; however, there have been no systematic and large scale surveys to investigate the frequency of PATC since this report, as far as we know.
The interpretation of cross-tabulations between the ear protection method and outcome of PATC should be carefully considered. Both transient and persistent acoustic trauma cases were related to the choice of`ear plugs and/or ear muŠs' for ear protection. Weˆnd no reason for either`ear plugs and muŠs' or`ear plugs or muŠs' to increase the risk. One possible explanation is that facilities that encountered acoustic trauma started to apply both methods after the incidents and the responders are reporting the latter condition, i.e. the positive correlation was not the cause but the result of the incident; however, this remains speculation, since`ear plugs and muŠs' or`ear plugs or muŠs' cannot be distinguished, as pointed out previously. The correlation between`ear plugs only' and`no experience' seems to be biased by the`NA' and`NA' choice in Cluster VI, which depends on animal experiments using SBMS. Therefore, we assume that the diŠer-ence in ear protection methods applied is not likely to be related to the risk or outcome of PATC.
Conclusion
There are still potential risks of acoustic trauma even with ear protection, especially during MR scans using high performance gradient magnetiĉ eld systems, and the subjects should be carefully observed from the viewpoints of acoustic trauma.
The ear protection methods were not signiˆcantly related to the frequency of PATC or their outcome. In order to further clarify the risk factors speciˆcal-ly, it is recommended to run a protocol to prospectively gather detailed records of PATC, including the MR hardware features, imaging parameters, immediate score of audiometry and subject's medical history, and to follow up the subjects' hearing ability. It would especially contribute to the improvement of MR safety to make it a standard to equip an MR scanner with a sound level meter to enable real-time monitoring of the scanning noise.
